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The plasma concentration of soluble adhesion receptors is in-
creased under pathological circumstances, but their function re-
mains enigmatic. Soluble P-selectin (sP-sel) is shed from activated
platelets and endothelial cells. Mice genetically engineered to
express P-selectin without the cytoplasmic tail (DCT) constitutively
show a 3- to 4-fold increase of sP-sel in plasma. We observed that
the DCT mice formed fibrin very readily. In an ex vivo perfusion
chamber, there was more fibrin deposited at the site of platelet
thrombus formation than in wild type (WT), whereas no fibrin
deposits were detected using P-selectin-deficient blood during the
same interval. Similarly, in vivo, the hemorrhage produced by local
Shwartzman reaction was smaller in the DCT mice than in WT. In
contrast, we previously showed hemorrhage to be more prominent
in P-selectin knock-out mice. Infusion of mouse P-sel-Ig chimera
produced the same protective effect in WT mice as seen in the DCT
mice, indicating that the effect was due to increased levels of
sP-sel. Mice infused with P-sel-Ig showed significantly more fibrin
deposited on the luminal face of the injured vessels than control
mice. Plasma from DCT mice or mice infused with P-sel-Ig contained
higher concentration of pro-coagulant microparticles and clotted
one minute faster than WT. This pro-coagulant phenotype of DCT
mice could be reversed by a 4-day treatment with PSGL-Ig, a
P-selectin inhibitor. We propose that sP-sel should no longer be
considered only as a marker of inflammation or platelet activation,
but also as a direct inducer of pro-coagulant activity associated
with vascular and thrombotic diseases.

P -selectin is a member of the selectin family localized in the
membranes of a-granules of platelets and the Weibel-Palade

bodies of endothelial cells (1). A soluble form of P-selectin can
be found in the plasma as a circulating protein (2). In vivo, two
main physiological roles are attributed to the integral membrane
form of P-selectin. First, in inflammation, P-selectin is redistrib-
uted onto the surface of activated endothelial cells where it
mediates the rolling of leukocytes (3). Second, in thrombosis,
P-selectin expressed on activated platelets present in a thrombus
supports the recruitment of leukocytes (4). Soluble P-selectin
(sP-sel) of healthy individuals has been suggested to originate
from the alternatively spliced form found in endothelial cells and
platelets (5). Alternatively, elevated levels of sP-sel may reflect
platelet activation (6) because P-selectin is proteolytically shed
from the plasma membrane in vivo shortly after activation (7, 8).
Therefore, plasma levels of sP-sel have been considered a useful
tool to predict thrombotic consumptive platelet disorders (9–
12), but they can also reflect endothelial cell activation (13, 14).
Although the circulating form of P-selectin is potentially active
because only the lectin and epidermal growth factor (EGF)
domains are required to bind its receptor, P-selectin glycoprotein
ligand-1 (PSGL-1) (15), the biological role of sP-sel and similarly
that of other soluble adhesion receptors circulating in blood is
not known (16).

Previous work in our laboratory has shown that P-selectin-
deficient mice exhibit a slightly prolonged bleeding time, as well
as an increased hemorrhagic response in a local Shwartzman
reaction (17), suggesting that P-selectin could play a role in
hemostasis. To further evaluate this possibility, we studied the
hemostatic properties of mice genetically engineered to express

P-selectin without the cytoplasmic domain (DCT mice) (18). In
these mice, P-selectin is constitutively expressed on the surface
of the endothelial cell and shed from the plasma membrane,
leading to a 3- to 4-fold increase of sP-sel in plasma. We now
report that the increased levels of sP-sel accelerate hemostasis
in these mice. Similarly, wild-type (WT) animals infused with a
P-selectin-Ig fusion protein (P-sel-Ig) chimera entered a pro-
coagulant state.

Materials and Methods
Reagents. Human IgG1 was from Sigma, and P-sel-Ig was from
PharMingen. The P-sel-Ig is composed of N-terminal fragment
of mouse P-selectin including the first two complement-binding
domains fused to the Fc region (hinge, C1 and C2) of human
IgG1 (19). PSGL-Ig (a generous gift from Genetics Institute,
Cambridge, MA) is composed of the first 47 aa from the
N-terminal end of mature human PSGL-1 fused to the Fc region
of human IgG1 (20). The control protein (control-Ig, Genetics
Institute) is a murine IgG2a produced in Chinese hamster ovary
(CHO) cells. The protein has been mutated in the FcgRI and
C91q binding sites to inhibit Fc binding and complement directed
cytolysis. The same sites were mutated in the human PSGL-Ig
molecule.

Mice. C57BLy6Jy129Sv mice, WT and DCT, (18) were com-
pared. C57BLy6J mice were used as recipient for the injection
of P-sel-Ig, human IgG1, PSGL-Ig, and control-Ig. Animals
were housed at the Center for Blood Research, Harvard
Medical School. Experimental procedures were approved by
the Animal Care and Use Committee of the Center for Blood
Research.

Ex Vivo Perfusion Chamber. Glass capillary tubes (0.56 mm inner
diameter) were coated with 1 mgyml type III fibrillar collagen
(Sigma) as described (21). Mice were anesthetized with 2.5%
tribromoethanol (0.15 mly10 g). Non-anticoagulated blood was
collected from the vena cava by using a 25G butterfly needle, and
perfused through the collagen-coated perfusion chamber via
silastic tubing. A flow rate of 220 mlymin was established for 2
min by a syringe pump mounted distal to the chamber, resulting
in a 212 s21 shear rate. Immediately after the blood perfusion,
the thrombotic deposits formed on the collagen surface were
rinsed for 20 s with PBS and fixed in ice-cold 2.5% cacodylate-
buffered glutaraldehyde (pH 7.4) at the same shear rate. The
perfusion chamber was then removed and fixed in a freshly
prepared fixative for 24 h at 4°C. En face visualization of the
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thrombotic deposits was performed under light microscopy after
epon embedding.

Determination of sP-sel and Fibrinogen Levels in Plasma. Determi-
nation of the level of sP-sel was performed by using a modified
sandwich ELISA procedure previously described (18). Calcula-
tions of the amount of sP-sel in the serum samples were made
by comparing the specific sP-sel values with a standard curve of
titrated P-sel-Ig. The plasma level of fibrinogen was measured
according to Sigma Diagnostics Procedure No. 886.

Local Shwartzman Reaction. Twelve- to fourteen-week-old age-
matched WT and DCT male mice were primed on day 0 by a s.c.
injection of Escherichia coli LPS 055:B5 (Difco) at 100 mgy
mouse in 0.1 ml of sterile PBS. Twenty-four hours later (day 1),
recombinant murine TNF-a (Genzyme) at 0.3 mgymouse was
injected at the same site (17). On day 2, the hemorrhagic lesions
were examined and scored on a scale of 0 to 4 without knowledge
of genotypes. Hematoxylin-eosin-stained paraffin sections were
prepared from the lesion site, and the degree of inflammatory
cell infiltration as well as hemorrhage were scored microscopi-
cally, on a scale of 0 to 4 (17).

Immunohistology. Paraffin sections from the Shwartzman lesion
site were de-paraffinized, sequentially blocked with avidin D
solution and biotin blocking solution (Vector Laboratories)
and stained with a rabbit anti-human fibrinogen (1:1000
dilution; Dako), which crossreacts with mouse fibriny
fibrinogen. Sections were then sequentially treated with a
biotinylated goat anti-rabbit antibody (Zymed), and an ABC
mix solution (Vector Laboratories). Development was done by
treating the sections with an AEC substrate kit for horseradish
peroxidase (Vector Laboratories). Sections were counter-
stained with hematoxylin.

Plasma Clotting Time Assay. One milliliter of blood was drawn from
the retro-orbital venous plexus by using plain microhematocrit
capillary tubes (VWR Scientific) and collected into polypro-
pylene tubes (Eppendorf; Marsh Biochemical Products, Roch-
ester, NY) containing 10% final volume of acid-citrate-dextrose
(ACD; 38 mM citric acidy75 mM trisodium citratey100 mM
dextrose). Platelet-poor plasma (PPP) was prepared by centrif-
ugation at 1,500 3 g for 25 min. PPP was centrifuged once more
for 2 min at 15,000 3 g to remove contaminating cells from the
plasma. Plasma clotting was induced under stirring conditions
(800 rpm) at 37°C in an aggregometer (Sienco, Inc., Wheat
Ridge, CO) by adding a volume of prewarmed 20 mM CaCl2
solution to an equal volume of plasma in a siliconized tube. The
time (in seconds) needed to clot was determined.

Flow Cytofluorometry of Plasma Microparticles. PPP was prepared
as above. Three hundred microliters was obtained per mouse.
PPP from three mice was pooled, diluted 1:3 with a Hepes buffer
[10 mmol/L Hepesy5 mmol/L KCLy1 mmol/L MgCl2y136
mmol/L NaCl (pH 7.4)], and centrifuged for 1.5 h at 100,000 3
g. The supernatant was removed, and the pelleted microparticles
were resuspended in 120 ml of a 10 mM Hepes, 136 mM NaCl
(pH 7.4) buffer. Flow cytometric analysis was performed on a
Becton-Dickinson FACSCalibur with CELLQUEST software (Bec-
ton-Dickinson). The light scatters and fluorescent channels were
set at logarithmic gain (forward scatter was E00 with a threshold
of 12 and sideward scatter was 300). To count the total micro-
particle population, 30-ml aliquots were incubated for 15 min in
the dark with 0.25 mgyml calcein AM (Molecular Probes). The
total number of events was counted for a set interval of 10 s.
Samples were stained for 20 min at room temperature with a rat
monoclonal anti-murine Mac-1 (CD11byCD18, 10 mgyml;
Boehringer Mannheim) and with a sheep anti-rabbit tissue factor

IgG (5 mgyml; American Diagnostica, Greenwich, CT), which
recognizes mouse tissue factor. A phycoerythrin-conjugated
goat anti-rat-IgG (1:200; Immunotech-Coulter, Marseille) and
FITC-conjugated rabbit anti-sheep IgG (1:1000; Zymed) were
second antibodies. Rat IgG (Sigma) and FITC-conjugated sheep
IgG (Caltag Laboratories, South San Francisco, CA) were
control antibodies.

For analysis of microparticles in plasma of DCT mice treated
with PSGL-Ig, 200 ml of blood was collected by retro-orbital
puncture on day 0. PPP was obtained, and 40 ml was diluted in
260 ml PBS and immediately analyzed for microparticle number
by FACS. Mice were then infused i.v. (days 0 and 2) with 10
mgykg PSGL-Ig or control-Ig. On day 4, 200 ml of blood was
collected from the other eye, and the number of microparticles
was determined.

Tissue Factor Activity in PPP. PPP was prepared from pooled
plasma of WT and DCT mice. A first centrifugation step at
12,000 3 g was performed to remove contaminating cells. The
supernatant was then diluted in 20 mM Hepes, 1 mM EDTA (pH
7.2) solution and ultracentrifuged at 200,000 3 g for 1.5 h. The
pelleted microparticles were resuspended (1y2 of the initial
volume) as described above. Determination of tissue factor
activity of the microparticles solution was evaluated by its ability
to promote the activation of factor X (150 nM) by factor VIIa
(5 nM) in the presence of 1 mM CaCl2. A chromogenic substrate
of factor Xa, Spectrozyme fXa, was added (0.3 mM). The linear
changes in absorbance at 405 nM were recorded by using a plate
reader equipped with kinetics software (DYNEX Technologies,
Chantilly, VA). The changes directly correlate with the concen-
tration of factor Xa generated in the assay.

Results
Excessive Fibrin Deposition on Platelet Thrombi Formed in a Flow
Chamber Perfused with DCT Blood. We compared the thrombotic
process in WT, P-selectin-deficient (P2/2), and DCT mice by
perfusing non-anticoagulated blood through glass capillaries
coated with fibrillar collagen type III. Platelet deposits were
observed in all capillaries with no significant differences in size,
but, surprisingly, we observed striking differences in the amount
of deposited fibrin (Table 1, Fig. 1). Perfusion of WT blood
showed microscopically visible depositions of short fibrin tails in
only 4y11 cases. We did not observe any fibrin tails when blood
from P2/2 mice was perfused under identical conditions. On the
other hand, long fibrin tails distal to the thrombi were found in
eight of nine chambers perfused with blood from DCT mice. It
should be noted that, when fibrin was detected, it always
originated from the adhering platelets (Fig. 1), confirming that
the collagen surface is not pro-coagulant by itself (22). Because
the activated platelets from WT and DCT mice have similar
P-selectin expression on the plasma membrane (18), we hypoth-

Table 1. Fibrin deposition in an ex vivo perfusion chamber

Genotype n Fibrin tail Fibrin tail length*, mm

(1) (2)

WT 11 4 7 11.2 6 0.9
p , 0.04

P2/2 11 0 11 p , 0.03 0 p , 0.0001
p 5 0.0001

DCT 9 8 1 28.7 6 1.4

Differences between groups presenting fibrin or not were evaluated using
the Log-rank test.
*Values were expressed as the mean 6 SEM of the length of the fibrin tail
when it was detected. Student’s t test was used to analyze differences in the
length of the fibrin tail between groups.
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esized that the difference in fibrin formation at the platelet
thrombi most likely reflected a function of sP-sel in plasma. As
described previously (18), plasma of DCT mice contains elevated
levels of a 100-kDa P-selectin fragment. We determined by
comparison to known concentrations of P-sel-Ig that the con-
centration of sP-sel is approximately 1 mgyml in DCT mice and
0.3 mgyml in WT mice. We also checked that there were no
significant differences in fibrinogen levels between WT and DCT
mice (367 6 24 and 344 6 14 mgydl, respectively, for each group,
n 5 13).

sP-sel Reduces Hemorrhage and Affects Fibrin Deposition in a Local
Shwartzman Reaction. The local Shwartzman reaction is a hem-
orrhagic and necrotic lesion that can be induced by endotoxin
and cytokines and is attributed to a multitude of interactions
between platelets, neutrophils, and endothelium (23). P2/2 mice
display increased hemorrhage in this model (17). To evaluate a
potential role for sP-sel in hemostasis, local Shwartzman reac-
tion was studied in DCT mice, as well as WT mice of similar
genetic background. Macroscopic evaluation of the injection
sites revealed that, in contrast with P2/2 mice, the average size
of the hemorrhagic lesion in DCT mice was reduced to about
50% of WT (Table 2). This reduction in hemorrhage was also
observed by microscopic examination of paraffin sections (Table
2). To determine whether sP-sel was the cause of this protective

effect, we studied the local Shwartzman reaction in C57yBL6J
WT mice injected with 1.2 mgyg body weight of either P-sel-Ig
or control IgG1 1 h before the challenge dose of tumor necrosis
factor-a (TNFa) was administered. Infusion of P-sel-Ig signifi-
cantly reduced the size of hemorrhagic lesions measured both
macroscopically and evaluated microscopically (Table 2). Im-
munohistological staining for fibrin at the lesion site revealed
that the P-sel-Ig-treated mice had more vessels in the lesion with
fibrin deposited on the luminal surface of the vessel wall than did
IgG1-infused mice (Fig. 2 A and B). In animals treated with
IgG1, the fibrin was preferentially deposited outside the injured
vessel (Fig. 2 A and B). This suggested that the reduction in the
hemorrhage was probably due to an increased or more rapid
deposition of fibrin on the damaged vessel. The degree of
inflammatory cell infiltration was the same in WT and DCT
animals. A slight reduction in infiltration was observed in the
P-sel-Ig-treated group compared with the IgG1-treated group
(Table 2). This reduction might be explained by the occupancy
of PSGL-1 receptors by the injected P-sel-Ig chimera, which
could affect the leukocyte rolling. The infused P-sel-Ig concen-
tration in plasma could be higher than the level of sP-sel found
in the plasma of DCT mice.

Shorter Plasma Clotting Time in DCT Mice and in Mice Infused with
P-sel-Ig. To evaluate whether the pro-coagulant activity seen in
DCT mice or mice infused with P-sel-Ig is intrinsic to plasma
of these mice, we have measured the plasma clotting time.
Plasma clotting time of DCT mice (214 6 7 s) was significantly
shorter than that of WT mice (276 6 8 s) (Fig. 3A). Adding
P-sel-Ig to the plasma of WT mice just before the clotting assay
did not change the clotting time (not shown), showing that
sP-sel does not directly affect coagulation. On the other hand,
injection of P-sel-Ig into WT mice 22 h before collecting the
blood samples reduced the clotting time by 1 min, i.e., to 218 6
14 s, a time similar to DCT plasma (Fig. 3B). This time was also
significantly shorter than that obtained with the plasma from
the IgG1-treated mice (369 6 21 s). Our results indicate that
the presence of high levels of sP-sel in mice increases the
coagulability of their plasma. Interestingly, when plasmas of
WT and DCT mice were ultracentrifuged at 200,000 3 g for 1 h,
clotting times of both supernatants were dramatically
increased and were no longer different (DCT, 1064 6 79 s,
n 5 4; WT, 1033 6 141 s, n 5 3; P 5 0.84). This indicated
that the pro-coagulant activity found in DCT mice was prob-
ably associated with the microparticles that were removed by
ultracentrifugation.

Elevated Levels of sP-sel Induce an Increase in Pro-Coagulant Micro-
particles. To investigate further the possibility that the observed
pro-coagulant activity is associated with microparticles, we mea-
sured the number of microparticles present in the plasma of WT
and DCT mice by FACS analysis (Table 3). Plasma from DCT

Fig. 1. Platelet and fibrin deposition in an ex vivo flow chamber. Represen-
tative photomicrographs are shown of collagen-coated capillaries exposed for
2 min to flow of non-anticoagulated blood from WT, P2/2, and DCT mice at
shear rate of 212 s21. White arrowheads point to platelet-rich thrombi formed
on the collagen surface. Note the presence of long fibrin tails distal to the
thrombi in the DCT perfusion chamber (black arrows). After a longer perfu-
sion, some fibrin could be detected also with the P2/2 blood. Blood flow was
from left to right. Bar 5 20 mm.

Table 2. Severity grading of the local Shwartzman reaction

WT DCT WT 1 IgG1 WT 1 P-sel-Ig

Macroscopic grading of lesion size 3.1 6 0.2 1.5 6 0.3 3 6 0.2 1.1 6 0.3
P 5 0.001 P , 0.0001

Microscopic grading
hemorrhage 3.5 6 0.2 2.1 6 0.3 2.5 6 0.3 0.8 6 0.2

P 5 0.003 P , 0.0001
Infiltrate 2.6 6 0.3 2.6 6 0.3 2.7 6 0.1 2 6 0.1

P 5 0.4 P 5 0.0002

Macroscopic or microscopic grading of the lesion was on a scale of 0 to 4 and was conducted without knowledge of the mouse
genotype or the infused substance. Values are expressed as the mean 6 SEM. n 5 7–10; P values were calculated using Mann–Whitney
test.
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mice presented a 2-fold increase in the total number of micro-
particles compared with WT. As observed in the plasma clotting
time assay, infusion of P-sel-Ig in WT mice induced a phenotype
similar to that of the DCT mice, increasing the number of
microparticles by 4-fold compared with the IgG1-treated mice
(Table 3).

We identified a population of Mac-1 (aMb2 integrin) positive
microparticles in WT mice, which showed their leukocyte origin
(Fig. 4). This population was increased in DCT mice, and,
interestingly, 13 1 3.5% of all microparticles (n 5 3) stained for
both Mac-1 and tissue factor (TF) (Fig. 4).

PSGL-Ig Reduces the Pro-Coagulant Activity of DCT Mice. We further
evaluated whether infusion of a soluble form of the P-selectin
receptor PSGL-1 (PSGL-Ig) would prevent the generation of

the pro-coagulant state in DCT mice. We found that a 4-day
treatment with PSGL-Ig significantly reduced the amount of
microparticles and increased the plasma clotting time of DCT
mice. Control-Ig had no such effect (Fig. 5 A and B). The
clotting time of the PSGL-Ig-treated DCT was slightly longer
than that of WT mice of similar age, indicating that the excess
of microparticles observed in DCT mice was indeed due to
sP-sel action.

Discussion
The presence of soluble adhesion receptors in plasma has

been widely reported, and it is often increased in pathological
or stress conditions (24, 25). The physiological importance of
these soluble receptors is not known. Until now, only specu-
lations existed about the function of sP-sel. It was proposed
that it may have an anti-inf lammatory function by preventing
leukocyte-vessel wall interactions because sP-sel can bind
PSGL-1 on leukocytes (26, 27). This hypothesis is also sup-
ported by the fact that sP-sel binding to PSGL-1 activates

Table 3. Number of microparticles in plasma

Mouse n Mean

WT 4 5,910 6 597
P , 0.004

DCT 4 11,288 6 965

WT 1 IgG1 8 3,742 6 1,233
P , 0.003

WT 1 P-sel-Ig 11 14,556 6 2,455

Microparticles were collected by ultracentrifugation from PPP, and quan-
tified by FACS analysis. High levels of sP-sel found in DCT mice or WT mice
perfused with P-sel-Ig caused a significant increase in the number of micro-
particles when compared with respective controls.

Fig. 2. Effect of sP-sel on fibrin distribution at the Shwartzman reaction
lesion site. (A) Micrographs showing fibrin deposition (F) in paraffin section
from the Shwartzman lesion site. Tissue sections from WT mice treated with
IgG1 or P-sel-Ig were immunostained with antibodies to fibrinogen. Note the
presence of hemorrhage (H) in the section from the IgG1-treated animals, and
a diffuse staining for fibrin inside and outside the vessel. A strong fibrin
staining (F) is found on the luminal face of the vessel wall in the P-sel-Ig-
treated mice, without detectable fibrin deposition in the surrounding tissue.
White arrowheads point to the vessel wall. Bar 5 40 mm. (B) Evaluation of
fibrin localization relative to the vessel wall of all blood vessels observed in
paraffin sections at the lesion site. ‘‘Leakage’’ annotates blood vessels that
presented fibrin staining outside the vessel wall. Blood vessels that had fibrin
staining only at the luminal face of the vessel wall were classified as ‘‘luminal
ring.’’ The frequency of vessels showing leakage was 3-fold higher in WT mice
treated with IgG1 than with P-sel-Ig (*, P , 0.0001). In contrast, the luminal
ring was more common in the P-sel-Ig-treated group than in the IgG1 controls
(†, P , 0.005). The counting was performed on samples from 7 mice injected
with P-sel-Ig and from 10 mice injected with control IgG1. A minimum of 100
vessels were observed per lesion site.

Fig. 3. sP-sel and plasma clotting time. Plasma were incubated at 37°C with
an equal volume of a 20 mM CaCl2 solution and stirred at 800 rpm in an
aggregometer cuvette to measure the clotting time. Increased levels of sP-sel
found in plasma of either DCT mice (A) or WT mice treated with 1.2 mgyg body
weight P-sel-Ig (B) significantly shortened the plasma clotting time.
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leukocytes (28), and activated leukocytes may have a reduced
ability to adhere to endothelium in vivo (29). It was also
proposed that sP-sel could limit the extent of thrombosis by
preventing additional leukocyte recruitment. On the other
hand, sP-sel was shown to induce tissue factor expression on
monocytes in vitro (30), indicating that it could have such an
activity in vivo. Interestingly, infusion of anti-P-selectin anti-
bodies in vivo, reduced fibrin deposition on dacron graft
implanted within an arteriovenous shunt in baboons (4).

In this study, we found that sP-sel constitutes an endogenous
activator of the coagulation process through the generation of
circulating microparticles in plasma. Low levels of microparticles
derived from platelets, leukocytes, and endothelial cells have
been found in plasma of healthy individuals (31–34), and ele-
vated numbers of microparticles circulate in the blood of patients
with acute coronary syndromes and meningitis (35, 36). There
are several explanations for a role of microparticles in modu-
lating the coagulation process in vivo. First, microparticles carry
pro-coagulant activity notably through the expression of pro-
thrombinase activity on their membrane (37). Second, mono-
cyte-derived microparticles were shown to activate endothelial

cells in vitro, leading to expression of TF (32). In our study, we
have found that elevated amount of sP-sel in DCT mice enhanced
the generation of leukocyte-derived microparticles (Mac-11),
some of which also expressed TF (Fig. 4). Functional TF activity
in microparticles in whole blood from normal individuals has
been recently reported (38, 33). In certain clinical conditions,
such as meningococcal sepsis, the amount of pro-coagulant
microparticles originating from either platelets or granulocytes
is increased 10- to 100-fold (36). In DCT mice, only 13% of
microparticles expressed tissue factor, which may explain why
these mice do not show symptoms of disseminated intravascular
coagulation [the differential cell count (18) and the fibrinogen
level were normal].

In the perfusion chamber model, it appeared that the pro-
coagulant microparticles were preferentially recruited to
thrombi, probably via a Mac-1yfibrinogen interaction (39), or via
a CD15yP-selectin interaction (40). An increased concentration
of leukocyte-derived microparticles, especially when bound to
platelets, would further accelerate the coagulation process on
activated platelets (41, 42), via the TFyFVIIa pathway, as
reported by Giesen and colleagues (33). A second line of
evidence for an increased pro-coagulant activity at the site of
injury comes from the local Shwartzman reaction model. An
intense staining for fibrinyfibrinogen was found frequently on
the luminal surface of the vessels in the lesions of WT mice
infused with P-sel-Ig but not in control animals. This may be
explained again by the recruitment of microparticles to activated
platelets as described above.

Thus, we have found a role for sP-sel in plasma in promoting
coagulation that is different from its usual role as surface
receptor involved in leukocyte recruitment and transmigration
(43). High levels of sP-sel observed in thrombotic consumptive
platelet disorders such as disseminated intravascular coagula-
tion and thrombotic thrombocytopenic purpura could be in
part responsible for the generalized hypercoagulable state
associated with these diseases (9). In addition, sP-sel could
contribute to the formation of fibrin tails, which are often
associated with thrombi formed under high shear rates (44).
Moreover, elevated levels of sP-sel might be involved in the
recurrent thrombotic process of angina (45) and in restenosis
(46). Our findings support and provide an explanation for the
promising results of antithrombotic therapies directed against
P-selectin in various thrombotic models such as stroke (47), or
deep vein thrombosis (48). A reduction in numbers of circu-

Fig. 4. Detection of Mac-1 and TF antigens at the surface of microparticles from WT and DCT mice by flow cytometry. Labeling of microparticles was performed
with a rat monoclonal anti-murine macrophage Mac-1 antibody revealed by a phycoerythrin-conjugated goat anti-rat IgG, and a sheep anti-rabbit TF IgG
revealed by a FITC-conjugated rabbit anti-sheep IgG. Control staining of microparticles from DCT mice was performed by using rat IgG and FITC-conjugated sheep
IgG. A prominent population of doubly labeled microparticles is seen in samples from DCT mice. Figures are representative of three different experiments.
TF-induced Xa activity was determined on the corresponding fraction of microparticles. The activity in samples from WT mice was 14.7 1 1.3 mODymin, n 5 5,
and was significantly increased in DCT samples, 28.9 1 4.1 mODymin, n 5 5, P 5 0.011.

Fig. 5. PSGL-Ig infusion decreases the number of microparticles and pro-
longs the clotting time in plasma of DCT mice. (A) Number of microparticles
present in 40 ml of DCT plasma, before (open bars) and after (filled bars) two
infusions of PSGL-Ig and control-Ig as described in Materials and Methods. *,
P , 0.05, determined by paired t test. (B) Clotting time of plasma obtained at
the end of the experiment was significantly longer in mice treated with
PSGL-Ig (filled bar) than in control-Ig-treated group (striated bar), P , 0.05.
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lating pro-coagulant microparticles by PSGL-Ig could explain
its efficacy in accelerating thrombolysis (20) and reducing
venous thrombosis in vivo (49). On the other hand, sP-sel could
be also considered as an adjunctive treatment for patients with
congenital bleeding disorders such as hemophilia, for example,
to enhance hemostasis before a surgical procedure. We would
like to propose that sP-sel in plasma should no longer be
viewed as a simple marker of platelet or endothelial activation,
but rather as a direct inducer of a pro-coagulant state. It is

possible that other adhesion receptors may have new yet
unsuspected functions when present in their soluble form.
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